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INTRODUCTION 
The mel t ing  of g l a s s  i n  a t e r r e s t r i a l  environment invo lves  an 
' 
o b s t a c l e  t o  r n ~ i n t a i n i n g  low p u r i t y  l e v e l s  due t o  contaminat ion by con- 
t a i n e r  walls, a  problem which can be a l l e v i a t e d  by c o n t a i n e r l e s s  mel t ing  
i n  t h e  space environment. The u l t i m a t e  o b j e c t i v e  of t h e  p r e s e n t  r e s e a r c h  
program is  t o  t ake  advantage of t h e  c o n t a i n e r l e s s  mel t ing of g l a s s e s  i n  
space f o r  t h e  p r e p a r a t i o n  of u l t r a p u r e  homogeneous g l a s s  f o r  o p t i c a l  
waveguides. However, the  homogenization of t h e  g l a s s  us ing  conven t iona l  
raw m a t e r i a l s  is normally achieved on e a r t h  e i t h e r  by the  g r a v i t y  induced 
convection c u r r e n t s  o r  by t h e  mechanical s t i r r i n g  o f  t h e  melt. Because 
of t h e  absence of g r a v i t y  induced convect ion c u r r e n t s ,  t h e  homogenization 
of g l a s s  us ing  convent ional  raw m a t e t i a h  w i l l  be d i f f i c u l t  i n  t h e  space 
environment. 
Multicomponent, homogeneous, n o n c r y s t a l l i n e  oxide  g e l s  can be 
prepared by the  so l -ge l  process  and t h e s e  g e l s  a r e  promising s t a r t i n g  
m a t e r i e l s  f o r  mel t ing g l a s s e s  i n  t h e  space environment. The so l -ge l  process  
r e f e r r e d  t o  h e r e  is based on t h e  polymerizat ion r e a c t i o n  o f  a lkoxys i l ane  
wi th  o t h e r  metal  alkoxy compounds o r  s u i t a b l e  metal  s a l t s .  (1.2) Many of t h e  
alkoxy s i l a n e s  o r  o t h e r  metal  a lkox ides  a r e  l i q u i d s  and thus  can be pur i -  
f i e d  by d i s t i l l a t i ~ n ! ~ )  The use of g e l s  o f f e r s  s e v e r a l  advantages such a s  
high p u r i t y  and lower mel t ing  times and t empera tu res .  Hence, t h e  p r e s e n t  
r e s e a r c h  program aims a t  u t i l i z a t i o n  o f  t h e  so l -ge l  p rocess  f o r  t h e  
p r e p a r a t i o n  of multicomponent u l t r a p u r e  g l a s s  b a t c h e s  f o r  subsequent  
c o n t a i n e r l e s s  me l t ing  of t h e  ba tches  i n  space  t o  p repare  g l a s s  b lanks  
f o r  o p t i c a l  waveguides. 
P r i o r  t o  "space r e e i l - a s s " ,  however, s e v e r a l  c r i t i c a l  c o n t r o l  
p o i n t s  ntlst be c a r e f u l l y  e v a l u a t e d  on e a r t h .  Hence, t h e  p r e s e n t  ground 
based program p l a n  comprises two major phases .  
Phase I i n v o l v e s  t h e  fo l lowing  a c t i v i t i e s :  
S e l e c t i o n  o f  t h e  b e s t  multicomponent g l a s s  sys tem 
s u i t a b l e  f o r  o p t i c a l  waveguides 
Choice of  composi t ions  i n  a p a r t i c u l a r  sys tem 
P r e p a r a t i o n  o f  g e l s  i n  t h e  chosen multicomponent 
system (with reagen t  grade chemicals)  by d i f f e r e n t  
procedures  
Thermal t r ea tment  o f  g e l s  f o r  removal of v o l a t i l e s  
and wa te r  
C h a r a c t e r i z a t i o n  of  g e l s  
Melt ing of  g e l s  prepared by d i f f e r e n t  procedures  
C h a r a c t e r i z a t i o n  of t h e  r e s u l t i n g  g l a s s e s  i n  terms 
of  p r o p e r t i e s  r e l e v a n t  t o  o p t i c a l  waveguide 
a p p l i c a t i o n s .  
Phase 2 ,  t o  be i n i t i a t e d  i n  a follow-on e f f o r t ,  p l a n s  t o  c o n c e n t r a t e  
on t h e  fo l lowing  a c t i v i t i e s :  
e Prepara t ion  of  u l t r a p u r e  g e l s  by us ing  u l t r a p u r e  chemicals  
and a c l a s s  100 c l e a n  room 
Melting of u l t r a p u r e  g e l  p e l l e t s  us ing  both  a c o n t a i n e r  
and c o n t a i n e r l e s s  me l t ing  
C h a r a c t e r i z a t i o n  of  g l a s s e s  i n  terms of  t r a c e  l e v e l  
t r a n s i t i o n  meta l  i m p u r i t i e s  and a b s o r p t i v e  l o s s e s .  
The p r e s e n t  r e p o r t  d e a l s  wi th  i n i t i a l  a c t i v i t i e s  o f  Phase 1 of 
t h e  program. 
SUMMARY 
The r e s u l t s  of t h e  i n i t i a l  a c t i v i t i e s  of t h e  p r e s e n t  program can 
be e u m r i z e d  a8 fo l lowr :  
An a l k a l i - b o r o s i l i c a t e  system has  been chosen f o r  t h e  
p r e s e n t  work. The cho ice  was made a f t e r  
cons ider ing  v a r i o u s  m a t e r i a l  c h a r a c t e r i s t i c s ,  such 
a s  absorp t ion  l o s s e s ,  p h y s i c a l  p r o p e r t i e s ,  p rocess ing  
parameters ,  and a v a i l a b i l i t y  of u l t r a p u r e  chemicals 
The f a c t o r s  i n f l u e n c i n g  t h e  a b s o r p t i o n  l o s s e s  o f  t h e  
g l a s s e s  i n  t h e  Na20-B203-Si02 system have been 
analyzed c r i t i c a l l y .  A t  p reben t ,  one composit ion has  
been s e l e c t e d  f o r  t h e  development of t h e  g e l  p r e p a r a t i o n  
procedure.  However, s e v e r a l  composit ions which a r e  
expected t o  give  low l o s s  g l a s s  f i b e r s  have been sug- 
ges ted  f o r  f u t u r e  s t u d i e s  
r Severa l  g e l  p r e p a r a t i o n  procedures  based on two d i f f e r e n t  
approaches have been developed. The f i r s t  approach 
c o n s i s t s  of t h e  r e a c t i o n  of a l l  r e a c t a n t s  (mostly a lkox ides )  
i n  nonaqueous s o l v e n t s ,  and subsequent g e l a t i o n  on adding 
a  l i m i t e d  amount of water .  The second approach invo lves  
t h e  i n i t i a l  p a r t i a l  h y d r o l y s i s  of t e t r a e t h y l  o r t h o s i l i c a t e  
by t h e  a d d i t i o n  o f  water  and a c a t a l y s t  be fore  the  a d d i t i o n  
of o t h e r  c o n s t i t u e n t s  
The removal of o rgan ic  groups from t h e  g e l s  by low tempera- 
t u r e  thermal t r ea tments  (<500 C) have been i n v e s t i g a t e d  
i n  terms of g e l  p r e p a r a t i o n ,  and thermal t reatment  procedures .  
Resu l t s  show t h a t  the  g e l  p r e p a r a t i o n  procedure has  an in-  
f luence  on t h e  removal o f  o rgan ic  groups. The presence o f  
more a c t i v e  water  dur ing  g e l a t i o n  o r  a f t e r  g e l a t i o n  has  
a b e n e f i c i a l  e f f e c t  on t h e  removal of o rgan ic  groups 
r No c r y s t a l l i n i t y  of t h e  g e l s  develop a f t e r  thermal t reatment  
up t o  500 C 
I n f r a r e d  spec t roscop ic  s t u d i e s  of t h e  g e l s  prepared by 
t h e  d i f f e r e n t  procedures  show t h a t  t h e  s p e c t r a  o f  
t h e  g a l s  prepared by t h e  d i f f e r e n t  procedures  a r e  n o t  
i d e n t i c a l .  It appears  t h a t  t h e r e  e x i s t s  some f i n e r  
s t r u c t u r a l  d i f f e r r n c e  i n  t h e  8 t h  prepared by d i f f e r e n t  
procedures .  I t  is specu la ted  t h a t  t h i s  d i f f e r e n c e  could 
be due t o  t h e  d i f f e r e n c e  i n  t h e  polymeric s t r u c t u r e s  of 
t h e  g e l s  o r i g i n a t e d  by t h e  d i f f e r e n t  p r e p a r a t i o n  pro- 
cedures .  
The e l i m i n a t i o n  of carbon from t h e  g l a s s  dur ing t h e  
mel t ing o f  g e l s  c o n t a i n i n g  o r g a n i c  r e s i d u e s  has  been 
i n v e s t i g a t e d ,  The removal of carbon is  a func t ion  of 
time and temperature.  The i n c r e a s e  o f  temperature  from 
1000 C t o  1200 C reduces  t h e  time of mel t ing  from 5 hours  
t o  1 hour  f o r  g e t t i n g  a c o l o r l e s s  bubble-free g l a s s .  
EXPERIMENTAL WORK AND RESULTS 
The exper imenta l  work done i n  t h i o  i n i t i a l  pe r iod  o f  t h e  program 
h a s  been d iv idad  i n t o  t h e  fo l lowing  a c t i v i t i e s :  
Choice o f  g l a s s  sys tem 
a Choice of  compori t ion 
P r e p a r a t i o n  o f  g e l s  
Thermal t r ea tment  o f  g e l s  
C h a r a c t e r i z a t i o n  of  g e l s  
C r y s t a l l i n i t y  
Molecular s t r u c t u r e  
Mel t ing of g e l s .  
Choice o f  Glass  System 
The most important  requirement f o r  s e l e c t i n g  a g l a s s  system f o r  
o p t i c a l  communication is i ts t ransparency i n  c e r t a i n  wavelength reg ions .  
However, t h e  f l e x i b i l i t y  of  f a b r i c a t i o n  o f  g l a s s  f i b e r s  of  a p a r t i c u l a r  
geometry (e.g.,  graded index wi th  h igh numerical  a p e r t u r e )  is a l s o  of  
c o n s i d e r a b l e  importance from t h e  manufacturing viewpoint .  A s imple  f a b r i -  
c a t i o n  p rocess  l e a d s  t o  reduced c o s t  when l a r g e  q u a n t i t i e s  of  f i b e r  a r e  
made. 
Although t h e  high s i l i c a  f i b e r s  m d e  by t h e  C'VD technique had 
an e a r l y  s u c c e s s  because they can be prepared f r e e  from i m p u r i t i e s ,  the  
p o s s i b i l i t y  remains t h a t  some multicomponent g l a s s  systems might be  ul- 
t i s u t e l y  p r e f e r r e d  f o r  t h e  fo l lowing  reasons  :(4* " 6, 
a They can be melted and drawn i n t o  f i b e r  a t  temperatures  
much lower  than t h a t  r equ i red  f o r  h igh SiO c o ~ ~ . , . o s i t i o n r .  2 
They a r e  a v a i l a b l e  i n  a wide v a r i e t y  of  composi t ions  
w i t h  a broad range of  r e f r a c t i v e  index and thermal 
expansion p r o p e r t i e s .  Hence, t h e r e  e x i s t s  a g r e a t  
f l e x i b i l i t y  i n  t h e  cho ice  of o p t i c a l ,  mechanical 
and chemical p r o p e r t i e s .  
Tranrparmcy  of multicomponent g l a r s e s  may be less 
s e n s i t i v e  t o  rome contaminantr  than t h a t  o f  pure  SiO2 
The chofce o f  a  multicomponent system depends p r i m a r i l y  on t h e  
d e r i r e d  c h a r a c t e r i s t i c r  o f  t h e  o p t i c a l  a t t e n u a t i o n  i n  t h e  f i b e r .  The 
o p t i c a l  a t t e n u a t i o n  i n  f i b e r  waveguides ir  due t o  t h e  rum of t h e  bulk  
m t t e r i a l  a t t e n u a t i o n  ( i . e . ,  o p t i c a l  l o r s  i n  bu lk  g l a s r )  and a t t e n u a t i o n  
due t o  f a b r i c a t i o n .  
The bulk  m a t e r i a l  a t t e n u a t i o n ,  which is t h e  c h a r a c t e r i s t i c  of t h e  
m a t e r i a l  is comprised o f  two types  
Absorption l o s s  
S c a t t e r i n g  l o s s .  
Hence, t h e  a b s o r p t i o n  and t h e  s c a t t e r i n g  c h a r a c t e r i s t i c r  of a  
g l a s s  should be c r i t i c a l l y  analyzed t o  achieve h igh ly  t r a n s p a r e n t  g l a s a e s  
f o r  o p t i c a l  waveguides. 
The absorp t ion  l o s s  is comprised of two p a r t s ,  i n t r i n s i c  ab- 
s o r p t i o n  and absorp t ion  due t o  i m p u r i t i e s .  The c o n t r i b u t i o n  of i n t r i n s i c  
abrorp t ion  t o  t h e  t o t a l  r b s o r p t i o n  is  needed t o  assess t h e  fundamental 
lower l i m i t  f o r  any p a r t i c u l a r  m a t e r i a l .  However, t h e r e  i s  cons iderab le  
diragreement about t h e  r e l a t i v e  importance o f  the  i n t r i n s i c  absorp t ion  
because i t  is d i f f i c u l t  t o  conc lus ive ly  a s s i g n  measured o p t i c a l  a b s o r p t i o n  
t o  an i n t r i n s i c  o r  an  impuri ty  e f f e c t .  The p i c t u r e  becomes more complicated 
because t h e  t r a n s i t i o n  rnetal i m p u r i t i e s  e x i s t  i n  more than one valence 
s t a t e  i n  t h e  g l a s s ,  each valence s t a t e  c o n t r i b u t i n g  absorp t ion  bands of 
d i f f e r e n t  i n t e n s i t y ,  shape,  and p o s i t i o n .  The r e l a t i v e  p ropor t ions  of t h e  
d i f f e r e n t  valence s t a t e r ,  and thus t h e  o p t i c a l  l o s r  c o e f f i c i e n t s  o f  metals  
depend on t h e  g l a s s  system, composit ion,  and t h e  c o n d i t i o n s  o f  mal t ing and 
f i r i n g  of t h e  g l a s s .  
The s c a t t e r i n g  l o s s  i n  g l a s s  can be of two types  
I n t r i n s i c  s c a t t e r i n g  l o s s  
S c a t t e r i n g  l o s s  due t o  d e f e c t s  o r  inhvmagenit ies 
developed dur ing m a t e r i a l  f a b r i c a t i o n .  
I n t r i n s i c  s c a t t e r i n g  l o s s  is  due t o  the  d e n s i t y  and composition 
f luctuat ion*;  i n  g l a s s .  The i n t r i n s i c  s c a t t e r i n g  l o r s  due t o  frozen-in 
densi ty  f luc tua t ion8  depends on the g lass  t r a n s i t i o n  temperature, T but 8' 
t h i s  should be l e a s  with g l a s s ~ s  having lower T 
I' 
It MY be concluded, therefore ,  t h a t  the amter ia l  characteristics 
t h a t  are required f o r  the reduction of i n t r i n s i c  o p t i c a l  a t tenuat ion  i n  
glaaa a r e  aa follows 
r A l a rge  merBy gap t o  d n i m i z e  absorption i n  the red 
and near in f ra red  due t o  the t a i l  of the u l t r a v i o l e t  
absorption band. 
A low g la s s  t r m s i t i o n  temperature to  minimize 
s c a t t e r i n g  due t o  densi ty  f l uc tua t ions .  
Components with well matched d i e l e c t r i c  p rope r t i e s  
t o  minimize s c a t t e r i n g  due t o  compo8itionrl 
f luc tua t ions .  
In  the present s tudy,  the following three  systems have been ex- 
amined i n  t e r n s  of mater ia l  p roper t ies  and f ab r i ca t ion  procedures: 
r Alkal i  Boros i l ica te  
r Alkal i  Aluminosilicate 
A l k a l i  Gernunosilicate . 
Table 1 gives A b r i e f  ana lys is  of these sys&ems i n  termr of  the 
following parameters: 
Absorption loraee  
Sca t te r ing  l o r r e r  
b f r a c t i v e  index 
a S u i t a b i l i t y  f o r  sol-gel  preparat ion 
Ava i l ab i l i t y  of u l t rapure  s t a r t i n g  chemicals 
r Processing parameters. 
It is  evident from the information ava i l ab l e  i n  these system6 ( 4 . 5 . 7 . 8 )  
t h a t  both a l k a l i  bo ros i l i ca t e  and a l k a l i  a luminor i l ica tes  a r e  prospective 
candidates .  h e  advantager of soda aluminasi1ica:es are:  lotr i n t r i n s i c  
s c a t t e r i n g  loases ,  the removal of OH groups s;i : t ld  be e a s i e r .  There is  a 
lack  of knowledge about the inf luence of the composition on the absorpt ion 
c c e f f i c i e n t  of i ron  in  t h i s  system. The absorption coe f f i c i en t  of i ron  
might be higher i n  t h i s  system and thus. it night be d i f f i c c l t  t o  reduce 
8 ;  
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t h e  l o s s  due t o  i r o n ,  which is  t h e  most abundant impuri ty .  Moreover, most 
o f  t h e  composit ions i n  t h i s  system r e q u i r e  h igher  mel t ing  temperatures .  
Thus, s i l i c a  c r u c i b l e s  a s  such cannot be used. However, t h e  H. F. induc t ion  
mel t ing could be a n  a l t e r n a t i v e .  The s p e c t r o s c o p i c  s t u d i e s  of t r a n s i t i o n  
metal  i o n s  i n  Na 0-B 0 and Na 0-Si02 systems(9)  sugges t  t h a t  t h e  a b s o r p t i o n  2 2 3  2 
c o e f f i c i e n t  of i r o n  is expected t o  be markedly low i n  Na20-B2O3 system, 
whereas t h e  c o e f f i c i e n t s  of t h e  o t h e r  d e m e n t s  would remain t h e  same i n  
both  systems. According t o  t h e  work o f  Milberg ( l o )  e t  a l ,  t h e  spec t ro -  
s c o p i c  behavior  of t r a n s i t i o n  e lements  i n  t h e  a l k a l i  b o r o s i l i c a t e  system 
should b e  s i m i l a r  t o  t h a t  i n  a l k a l i  b o r a t e .  I t  should be po in ted  o u t  
t h a t  i r o n  is t h e  most abundant impuri ty  i n  a l l  pure  chemicals ,  and t h e  
i r o n  con ten t  o f  a i r b o r n e  p a r t i c u l a t e  m a t t e r  i s  a l s o  h igh .  Hence, any 
approach which w i l l  reduce t h e  a b s o r p t i o n  l o s s  due t o  t h e  i r o n  is  worth 
cons ider ing .  Hence, the  a l k a l i  b o r o s i l i c a t e  system has  t h i s  important  
f e a t u r e  of c o n t r o l l i n g  t h e  a b s o r p t i o n  l o s s  due t o  t h e  presence of i r o n .  
Moreover, s e v e r a l  g l a s s  composit ions i n  t h e  a l k a l i  b o r o s i l i c a t e  system 
can be  melted a t  lower temperatures ,  and t h e  system o f f e r s  f l e x i b i l i t y  
i n  t h e  choice  o f  o p t i c a l  and physico-chemical p r o p e r t i e s .  However, t h e r e  
a r e  some r e s t r i c t i o n s  f o r  working i n  t h i s  system. The e x i s t e n c e  of a 
l i q u i d - l i q u i d  i m m i s c i b i l i t y  zone r e s t r i c t s  t h e  choice  of composit ions i n  
t h e  whole t e r n a r y  system. (11) The removal of hydroxyl groups from glass 
melts having high B 0 con ten t  i s  an extremely d i f f i c u l t  exper imental  t a s k .  2 3 
Nevertheless ,  t h e  recen t  works '''596) on t h e  development of low l o s s  
(-5 dB/Km) o p t i c a l  g l a s s  f i b e r s .  Hence, cne a l k a l i  b o r o s i l i c a t e  system 
has  been s e l e c t e d  f o r  the  p resen t  work. 
Choice o f  Compositions 
The fol lowing c h a r a c t e r i s t i c  f e a t u r e s  of t h i s  g l a s s  system i n  
r e l a t i o n  t o  the  absorp t ion  l o s s  have been considered b e f o r e  s e l e c t i n g  t h e  
s u i t a b l e  composit ions.  
Liquid- l iquid  i m m i s c i b i l i t y  
E f f e c t  of Na20 content  
r E f f e c t  of B203 con ten t  
E f f e c t  of the  redox s t a t e  of t h e  g l a s s  
Hydroxyl con ten t .  
Liquid-Liquid I m m i s c i b i l i t y  
The presence ~f  a  l i q u i d - l i q u i d  i m m i s c i b i l i t y  zone i n  t h e  
N a  0-B 3 -Si02 system r e s t r i c t s  t h e  cho ice  of composit ion i n  a l l  a r e a s  2 2 3  
o f  t h e  glass-forming region i n  t h i s  system. The p r o j e c t i o n  of t h e  i m -  
m i s c i b i l i t y  s u r f a c e  a t  d i f f e r e n t  temperatures  is  shown i n  Figure  1. The 
composit ions must be chosen o u t s i d e  t h e  metas tab le  l i q u i d - l i q u i d  immisci- 
b i l i t y  zone. However, t h e r e  e x i s t s  a  l a r g e  glass-forming zone o u t s i d e  
t h e  l i q u i d - l i q u i d  i m m i s c i b i l i t y  zone. Thus, s e v e r a l  composit ions having 
v a r i o u s  physico-chemical p r o p e r t i e s  (such a s  r e f r a c t i v e  index  and thermal 
expansion c o e f f i c i e n t s )  can be s e l e c t e d  from t h e  g l a s s  forming zone o u t s i d e  
t h e  metas tab le  l i q u i d - l i q u i d  i m m i s c i b i l i t y  zone. 
E f f e c t  o f  Na20 Content 
The absorp t ion  c o e f f i c i e n t  due t o  i r o n ,  f a l l s  a s  t h e  percentage 
of soda i n  t h e  soda b o r o s i l i c a t e  g l a s s  is  reduced(4) .  The decrease  of 
t h e  soda c o n t e n t ,  however, does n o t  a f f e c t  t h e  copper a t ~ e n u a t i o n .  3e- 
c r e a s i n g  t h e  soda con ten t  a l s o  causes  a t t e n u a t i o n  c o e f f i c i e n t  due t o  c o b a l t  
and n i c k e l  t o  f a l l .  Thus, t h e  t o t a l  l o s s  of t h e  g l a s s  can be reduced by 
+2 
reducing t h e  soda c o n t e n t .  The e x t i n c t i o a  c o e f f i c i e n t  of Fe reduces  
wi th  decrease  of Na20 con ten t  i n  g l a s s e s  of cons tan t  SiO * B  0 r a t i o .  2 '  2 3 
This  has  been demonstrated by Beales ,  e t  a 1 ( 4 )  and is i l l u s t r a t e d  i n  
Figure  2, but  the  decrease  in 'Na  0  con ten t  b r in ; s  t h e  composit ion toward 2 
t h e  metas tab le  i m m i s c i b i l i t y  zone. 
FIGURE 1. N a 2 0 - B 2 0 3 - S i 0 2  TERYARY DIAGRAM SHOWING 
THE PROJECTION O F  THE I K M I S C I B I L I T Y  
SURFACE AT DIFFERENT TEMPERATURES (11) 
FIGURE 2. VARIATION OF EXTINCTION COEFFICIENT 
OF ~ e 2 +  WITH GLASS CO~POSITION(~) 
E f f e c t  o f  B203 Content 
Absorption l o s s  decreases  w i t h  t h e  i n c r e a s e  of B203 c o n t e n t .  Th i s  
is because o f  t h e  f a c t  t h a t  t h e  a b s o r p t i o n  l o s s  due t o  i r o n  and copper is 
dependent on t h e  b o r i c  ox ide  con ten t  of t h e  g l a s s .  (4 )  The b a s i c  reason 
f o r  t h i s  phenomenon might be r e l a t e d  w i t h  t h e  boron coord ina t ion  number 
i n  t h e  s t r u c t u r e  of g l n s s  and i t s  i n f l u e n c e  on t h e  t r a n s i t i o n  meta l  valence 
s t a t e s .  
E f f e c t  of t h e  Redox S t a t e  o f  t h e  Glass  
The i r o n  absorp t ion  l o s s  i n  a  wavelength reg ion  o f  our  i n t e r e s t  
is  due t o  i r o n  i n  f e r r o u s  ( B + ~ )  s t a t e ,  and t h e  copper a b s o r p t i o n  l o s s  
is due t o  C U + ~  (oxidized)  s t a t e .  Thus, a  p a r t i c u l a r  redox s t a t e  o f  t h e  
g l a s s  should be a t t a i n e d  which w i l l  b r i n g  t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  
t o  a minimum, and those  f a c t o r s  t h a t  i n f l u e n c e  t h e  redox s t a t e  of the  g l a s s  
are important .  These f a c t o r s  a r e :  (4,121 
Oxygen p o t e n t i a l  of mel t ing  atmosphere 
Melting temperature  
Minor reducing o r  o x i d i z i n g  a d d i t i v e s  such a s  
As203, Sb20g, e t c .  
Oxygen P o t e n t i a l  of Melting Atmosphere. The e f f e c t  of o x i d i z i n g  
and reducing c o n d i t j o n s  on t h e  a t t e n u a t i o n  c o e f f i c i e n t s  of Fe and Cu s t u d i e d  
by Beales ,  e t  a ~ ( ~ ) .  The r e s u l t s  r epor ted  by Beales ,  e t  a 1  (4,121 are 
shown i n  Figure  3. The r e s u l t s  i n d i c a t e  t h a t  t h e  a t t e n u a t i o n  c o e f f i c i e n t  
of Cu decreased t e n f o l d  on bubbl ing wi th  CO/CO gas mix tures ,  bu t  such 2 
t rea tment  caused a l a r g e  i n c r e a s e  i n  t h e  Fe a t t e n u a t i o n  c o e f f i c i e n t .  
According t o  t h e s e  workers (4y12) ,  i f  t h e  l e v e l s  of Fe and Cu a r e  known i n  
a  pure melt, t h e  t o t a l  l o s s  due t o  Fe and Cu may be minimized by us ing  
an i n t e r m e d i a t e  redox s t a t e .  It i s  r e p o r t e d  (4912) t h a t  h igh l o s s e s  a r e  
obta ined under s t r o n g l y  o x i d i z i n g  and reducing c o n d i t i o n s  wi th  a  minimum 
F I G U R E  3 .  A B S O R P T I O N  L O S S E S  O F  F e  AND Cu 
DOPED SODIUM B O R O S I L I C A T E  
G L A S S E S  SHOWING O X I D I Z E D  AND 
REDUCED S T A T E S  ( 4  ) 
l o s s  a t  an  i n t e r m e d i a t e  s t a t e .  The p o s i t i o n  and l e v e l  of t h e  minimum 
depend on t h e  r a t i o  o f  Fe t o  Cu i n  t h e  g l a s s e s ,  and on t h e i r  r e l a t i v e  
e x t i n c t i o n  c o e f f i c i e n t s  . 
Melt ing Temperature. The dependence o f  a b s o r p t i o n  l o s s  on 
temperature  is almost c e r t a i n l y  due t o  t h e  e f f e c t  of temperature  on t h e  
redox s t a t e  o f  t h e  g l a s s .  It is r e p ~ . t e d ( ~ )  t h a t  t h e  copper a b s o r p t i o n  
l o s s  f a l l s  a s  t h e  temperature  o f  mel t ing  is r a i s e d ,  and the  i r o n  absorp- 
t i o n  l o s s  i n c r e a s e s  as t h e  temperature  of mel t ing  is r a i s e d .  The mel t ing  
temperature  is thus  an  important  parameter i n  producing g l a s s e s  wi th  
minimum a b s o r p t i o n  l o s s .  
Mlnor Addi t ives ,  such a s  AS,O Sbt03. A ve ry  small a d d i t i v e  
& 3' 
o f  AS203 a c t s  as a  b u f f e r  a g a i n s t  changes i n  t h e  redox s t a t e  s o  t h a t  
t h e  melt can be h e l d  a t  a h igh  temperature  f o r  a c o n s i d e r a b l e  pe r iod  
o f  time without  major a l t e r a t i o n  o f  t h e  redox s t a t e .  
Hydroxyl Content 
The s o l u b i l i t y  of water  vapor i n  s i l i c a t e  o r  b o r a t e  m e l t s  (under 
e q u i l i b r i u m  c o n d i t i o n s )  i s  dependent on t h e  composit ion.  The e f f e c t  h a s  
been expla ined on t h e  b a s i s  of t h e  acid-base concept of t h e  mel t s .  It has  
Seen expected t h a t  t h e  s o l a b i l i t y  of water  vapor should i n c r e a s e  both  wi th  
i n c r e a s i n g  a c i d i t y  and wi th  i n c r e a s i n g  b a s i c i t y ,  and thus  i t  should be 
minimum a t  a  n e u t r a l  p o i n t .  This has  been i n v e s t i g a t e d  ( I 3 )  wi th  s imple  
b inary  systems l i k e  a l k a l i  b o r a t e  system. No sys temat ic  work has  been 
repor ted  i n  t h e  a l k a l i  b o r o s i l i c a t e  system. However, i t  may be concluded 
t h a t  t h e  melts of h igh a c i d i t y  w i t h  high B203 con ten t  should possess  a  
h igh a f f i n i t y  f o r  water .  Consequently, i t  would be more d i f f i c u l t  t o  
remove hydroxyl groups wi th  i n c r e a s e  of B 0 con ten t  a t  a  c e r t a i n  NaqO 2 3  
con ten t .  
Hydroxyl groups i n  a  s i l i c a t e  g l a s s  have a  fundamental s t r e t c h i n g  
v i b r a t i o n  a t  2800 rnrn, and over tones  a t  1400, 960 and 740 um. A t y p i c a l  
absorp t ion  curve o f  sodium b o r o s i l i c a t e  g l a s s  is  shown i n  Figure  4 .  
FIGURE 4. HYDROXYL OVERTONE AND COKBINATION 
BANDS. SODIUM BOROSILICATE GLASS ( 4 )  
17  
I n  regard t o  t h e  molar a b s o r p t i v i t y ,  t h e  in format ion  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  show8 t h a t  t h e  molar a b s o r p t i v i t y  of hydroxyl groups 
i n  s i l i c a t e  g l a s s e s  has  a  range of va lues  from 43  f o r  fused s i l i c a  t o  
18.5 l i t  mol-'cbl f o r  soda l ime g l a s s .  (14) Recent ly ,  t h e  average molar 
a b s o r p t i v i t y  of OH groups i n  a l a k l i - b o r o s i l i c a t e  g l a s s  of a  p c r t i c u l a r  
f l  a \  
composit ion (Si02 45. B203 35. Na20 20 mole p e r c e n t )  h a s  been repor ted  / 
as 30 l i t  mal-'cm-' . This  appears  t o  be o f  t h e  same o r d e r  of magnitude 
a s  38 l i t  mal-'c;' f o r  a  b o r a t e  g l a s s  c o n t a i n i n g  20 percen t  Na20. It 
is hard  t o  p r e d i c t  t h e  e f f e c t  o f  t h e  composition i n  a  wide range.  The 
reduc t ion  of OH con ten t  of t h e  g l a s s  can be a t f e ~ t e d  by t a k i n g  t h e  
( 4 ) .  fol lowing measures . 
Removal of s u r f a c e  wa te r  by baking t h e  i n i t i a l  
powders under vacuum a t  250 C 
a Bubbling of d i r e d  gas N2 o r  O2 (dew p o i n t  -60 C) 
through t h e  g l a s s  mel t .  
Conclusion 
It may be concluded t h a t  t h e  s e l e c t i o n  of t h e  s u i t a b l e  compo- 
s i t i o n s  f o r  g e t t i n g  low l o s s  g l a s s e s  depends on s e v e r a l  f a c t o r s  which 
should be evaluated by experimenzal i n v s s t i g a t i o n s .  However, t h e  ob- 
j e c t i v e  o f  t h e  i n i t i a l  work i n  t h i s  program is  t o  develop t h e  g e l  prepara- 
t i o n  procedures  and e v a l u a t e  and c h a r a c t e r i z e  t h e  g e l s  prepared by t h e  
d i f f e r e n t  procedures.  Hence, the  s t u d y  of the  g e l  p r e p a r a t i o n  has  been 
done wi th  t h e  fol lowing composit ion ( i n  weight p e r c e n t ) :  
This  composit ion l i e s  f a r  away from t h e  metas tab le  l i q u i d - l i q u i d  immisci- 
b i l i t y  zone. When t h e  g e l  p r e p a r a t i o n  process  and t h e  r e l a t i o n  of g e l  
s t r u c t u r e  t o  t h e  g l a s s  s t r u c t u r e  a r e  understood t o  some e x t e n t ,  a  s e r i e s  
of composit ions s u i t a b l e  f o r  g e t t i n g  low l o s s  g l a s s e s  w i l l  be i n v e s t i g a t e d .  
The e f f e c t  of i n c r e a s i n g  t h e  B203 con ten t  could be i n v e s t i g a t e d  wi th  t h e  
fol lowing composit ions : 






According to  some previous work the  above compositions give low l o s s  
g l a r se s  when proceesed under the  optimum experimental condi t ions.  
Preparat ion of Gels 
The development o f  the ge l  preparat ion procedures has been 
considered i n  t e r m  of severa l  f ac to re  which a r e  important fo r  f u l f i l l i n g  
the objec t ives  of  the present research program. The following f a c t o r s  
have been conriderrd. 
Chemical nature of the s t a r t i n g  compounds and the  
pu r i ty  a t t a i n a b l e  with the  s t a r t i n g  compounds 
Homogeneity of the multicomponent so lu t ion  and the 
ge l l i ng  process 
Removal of v o l a t i l e  organic o r  inorganic compounds 
by thermal treatment 
C r y s t a l l i n i t y  of ge ls .  
S t a r t i ng  Compounds 
The following s t a r t i n g  compounds can be used a s  sources of d i f -  
f e r en t  oxides i n  the d i f f e r e n t  procedures. The compounds marked with an 





Ts t rae thyl  o r t h o s i l i c a t e *  
Tet rac thyl  o r t h o s i l i c a t e  hydrolysate 











Sodium N i t r a t e  
* 
Sodium Aceta te  
* 
Sodium Methylate 
It should be noted t h a t  t h e  compounds which can e a s i l y  be a v a i l a b l e  
i n  u l t r a p u r e  c o n d i t i o n s  a r e :  
T e t r a e t h y l  S i l i c a t e  Hydrolysate 
Boric Acid 
Na2C03 and NaN03. 
T t t r a e t h y l  o r t h o s i l i c a t e  monomer is n o t  a v a i l a b l e  i n  u l t r a p u r e  c o n d i t i o n ,  
however, u l t r a p u r e  t e t r a e t h y l  o r t h o r i l i c a t e  hydro lysa te  which is ob ta ined  
by t h e  p a r t i a l  hydrolyses  of t h e  t e t r a e t h y l  o r t h o s i l i c a t e  can be a v a i l a b l e  
on t h e  m r k e t .  O t t e r  chemical8 i n  t h e  above list a r e  no t  a v a i l a b l e  on t h e  
market bu t  they can be ,  i n  p r i n c i p l e ,  p u r i f i e d  t o  u l t r a p u r e  c o n d i t i o n s .  Be- 
cau8e t h e  i n i t i a l  o b j  e c t i v e  was o r i e n t e d  more towards t h e  unders tanding of 
t h e  gelling process  and t h e  c h a r a c t e r i z a t i o n  of g e l s ,  t h e  a v a i l a b i l i t y  of 
the  chemicals i n  u l t r a p u r e  c o n d i t i o n s  was no t  o f  main concern.  
The r t a t u r  of t h e  u l t r a p u r i t y  of each s t a r t i n g  compound i s  s t a t e d  
below: 
T e t r a e t h y l  o r t h o r i l i c a t e  
hydro lysa te  
(obta ined by the  p a r t i a l  
h y d r o l y s i s  of t e t r a e t h y l  
o r t h o s i l i c a t e )  
Sodium N i t r a t e  
Sodium Ace ta te  I 
Sodium Fiethylate t 
Tr iemt thy l  Borate t 
Now a v a i l a b l e  commercially a s  u l t r a p u r e  
m a t e r i a l s  f o r  o p t i c a l  f i b e r  a p p l i c a t i o n  
Capable of bein?  p u r i f i e d  t o  
ul tranure c o n d i t i u r ~ v  
Capable of  being ob ta ined  i n  
u l t r a p u r e  c o n d i t i o n s  
It has  n o t  y e t  been t r i e d  exper i -  
:ri;ntally 
Capable of being p u r i f i e d  t o  u l  tr;.- 
pure 
Homogeneity of The Solution and The Gelling Process 
Becauae the homosenrity of g e l  i n  terra, of ca t ion  d i s t r i b u t i o n  is 
m important ob jec t ive  of the  present  work, the preparat ion procedures 
have been c r i t i c a l l y  judged i n  te rau  of homogeneity. Thus, the s t a b i l i t y  
of the so lu t ion  on addi t ion  of d i f f e r e n t  cons t i t uen t s  and the  homogeneity 
t h a t  could be achieved were considrred. 
The homogeneity of the so lu t ion  and t he  s t a b i l i t y  of the so lu t ion  
a r e  influenced by various process paruaeters  such as the  na ture  of r eac t an t s ,  
the pH of the  medium, the concentrat ion of the r eac t an t s ,  the presence of 
minor addi t ives .  A q u a l i t a t i v e  asrassment of the  above f a c t o r s  have been 
m d e  . 
Removal of Organic Croups 
The removal of r e s idua l  organic groups from the ge l  by low tempera- 
t u re  (400 C) thermal t reatments  is  a complex process and appears t o  be 
r e l a t ed  t o  the ge l  preparat ion procedures. The primary concerns were t o  
prevent carbonization during the t h e w 1  treatments and t o  have an under- 
s tanding of the r e l a t i o n  between the ge l  preparat ion process and the removal 
processing of the organic groups. 
C r y s t a l l i n i t y  of Gels 
The primary concerns were t o  prepare ge l s  without any c r y s t a l l i n i t y  
and t o  examine the c r y s t a l l i n i t y ,  if any, developed a f t e r  the thermal t reatments ,  
Gel Preparation Procedures 
Several gel  preparat ion procedures based on two d i f f e r e n t  approaches 
have been developed. 
The f i r s t  approach cons i s t s  of the reac t ion  of a l l  o r  moot of the 
r eac t an t s  i n  nonaqueous so lvents .  No de l ibe ra t e  i n i t i a l  p a r t i a l  hydrolysis  
of alkoxides was done. I n i t i a l l y ,  a l l  o r  most of the  r eac t an t s  were allowed 
t o  mix and r eac t  with each o ther  i n  E nonaqueous solvent .  Subsequently, 
th. g e l a t i o n  war i n i t i a t e d  by m y  one o f  t h e  fo l lowing  wayr: ( a )  adding 
an aqueous r o l u t i o n  of  t h e  water  r o l u b l e  r e a c t a n t ,  ( b )  add ing  a  l i m i t e d  
amount of  wa te r ,  (c)  by exposing t h e  f i n a l  r o l ~ t i o n  co a tmospher ic  
m i r t u r e  . 
The racond approach i r  bared on t h e  i n i t i a l  p a r t i a l  hydro lyv i s  
o f  t e t r r ~ c ~ ; v l  o r t h o s i l i c a t e  by t h e  a d d i t i o n  of  a  l i m i t e d  a m u n e  of  water 
m d  a n  a c i d  c a t a l y r t  b e f o r e  t h e  a d d i t i o n  of o t h e r  c o n s t i t u e n t r .  Sub- 
r e q u e n t l y ,  aqueour o r  nonaqueour s o l u t i o n r  of t h e  o t h e r  c o n r t i t u e n t r  
a r e  added f o r  t h e  r e a c t i o n  and g e l a t i o n .  
A l l  procedurer  have been d e s c r i b e d  below under two c a t e g o r i e s  
based on t h e  two approaches  mentioned above. 
The g e l  p r e p r r a c i o n  procedures  were developed us ing one compo- 
r i t i o n .  The compori t ion o f  t h e  b a t c h  a r e  a s  f o l l 0 ~ 3 :  
S i02  60, B2O3 15,  Na20 25 (weight p e r c e n t )  
Proceduter  Based on F i r r t  Approach 
(1) Procedure Ir .  The fol lowing s t a r t i n g  chemicals were ured 
rr t h e  r o u r c e  of  d i f f e r e n t  ox ides :  
Oxide 
- Source 
S i02  T e t r a e t h y l  O r t h o s i l i c a t e  
B2°3 Boric  Acid d i s r o l v e d  i n  methanol 
Sodium Carbona t e  
Si(OC2H5)4was mixed w i t h  about two t h i r d s  of it. volume of 
anhydrous e t h a n o l  1:: 4 round bottom f l a s k  wi th  r e f l u x  con- 
denser .  The s o l u t i o n  was s t i r r e d  con t inuour ly .  Then, b o r i c  
a c i d  war d i r r o l v e d  i n  b o i l i n g  methanol ( -30  g/100 m l )  and 
poured i n t o  t h e  e t h y l  o r t h o r i l i c r t e  r o l u t i o n .  The s o l u t i o n  
mixture  war r t i r r e d  f o r  1 hour a t  a  temperature  of -50 C. 
The pH of the  s o l u t i o n  war 6 .  Then Nr2COj d f r r o l v e d  
i n  water  (-36 gm1100 m l )  war added t o  t h e  mixture  wi th  con- 
s t a n t  s t i r r i n g .  The s o l u t i o n  transformed i n t o  cloudy whi te  
v i scour  c o l l o i d a l  s o l u t i o n .  The pH changed t o  -10. The 
r o l u t i o n  was s t i r r e d  f o r  1/2-hour md war l e f t  overn igh t  f o r  
g e l a t i o n .  The s o l  conver ted  i n t o  r g e l  on keeping overnigtht. 
However, t h e  g a l  was more l i k e  m opaque whi te  masr r a t h e r  
than  t r u r r l u c e n t  o r  t r a n s p a r e n t .  
It should  be noted t h a t  t h e  a d d i t i o n  of  Na,COJ 
caureo i n r t a b i l i t y  i n  t h e  s o l u t i o n  c o n t a i n i n g  the  
r e a c t a n t s  Sl (OC2H5)4  and b o r i c  a c i d .  Hence, i t  is 
a n t i c i p a t e d  t h a t  t h e  h o m $ e n e i t y  of t h e  g e l  might 
be  good on a r ~ . c r o s c o p i c  s c a l e ,  b u t  t h e  homogeneity 
i n  a molecular  s t a t e  might n o t  be good. 
( 2 )  Procedure Ib .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o r i l i c a t e  
Boric Acid 
Sodium N i t r a t e  
T e t r a e t h y l  o r t i r o s i l i c a t e  was mixed wi th  about the  same 
volume of anhydrous e t h a n o l  and was a g i t a t e d  f o r  5 
minuter ,  then b o r i c  a c i d  war d i s s o l v e d  i n  b o i l i n g  
methanol (30 g/100 ml) and added t o  t h e  r o l u t i o n .  
The s o l u t i o n  was s t i r r e d  f o r  1 / 4  hour ,  then an aqueous 
s o l u t i o n  of  NaNO ( 57  p e r c e n t )  aqueous s o l u t i o n )  was 3 
added t o  t h e  mixture .  The s o l u t i o n  became cloudy, 
b u t  on a d d i n s  more wa te r ,  i t  became c l e a r .  The con- 
c e n t r a t i o n  of  NaNO i n  wa te r  changed t o  30 p e r c e n t .  3 
The g e l a t i o n  took p lace  i n  1-116 hours  a f t e r  t h e  
a d d i t i o n  of  NaNO s o l u t i o n .  3 
(3) Procedure I c .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o r i l i c a t e  
Boric Acid 
Sodium t i e thy la te  
T e t r a e t h y l  o r t h o s i l i c a t e  was nixed wi th  about 112 of j.ts 
volume of anhydrous e t h a n o l .  The b o r i c  a c i d  d i s so lved  
i n  b o i l i n g  methanol ( -30 g1100 m l  was added t o  a s o l u t i o n  
of  t e t r a e t h y l  o r t h o s i l i c a t e .  The s o l u t i o n  was a g i t a t e d  
f o r  1 hour.  The pH o f  t h e  s o l u t i o n  was about 6.00. 
A f t e r  1 hour,  NaOCH3 i n  r ~ t h a n o l  s o l u t i o n  (30 g/100 m l )  
was added t o  t h e  mixture .  The pH inc reased  t o  9.2.  The 
s o l u t i o n  was a g i t a t e d  f o r  3 hours .  Water was added 
drop by drop wi th  cont inuous  a g i t a t i o n  of  t h e  s o l u t i o n .  
The s o l u t i o n  turned i 3 t o  a  r i g i d  g e l  on a d d i t i o n  of 
water. The amount of  wa te r  added was 0.3  t imes  t h e  
t h e o r e t i c a l  water  r e q u i r e d  f o r  t h e  comp:.ate h y d r o l y s i s  
of  t e t r a e t h y s i l i c a t e  . 
I n  t h i s  procedure ,  a l l  t h e  c o n s t i t u e n t s  were i n  
t h e  s o l u t i o n  and were a g i t a t e d  f o r  a  s i g n i f i c a n t  
pe r iod  of  time f o r  t h e  homogeneous d i s t r i b u t i o n  of 
c a t i o n s .  
(4)  Procedure I d .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Bor ic  Acid 
Sodium Methylate 
This  proLedure was based on Procedure I c  (descr ibed above) ;  
it  d i f f e r e d  i n  terms of amount of wa te r  f o r  g e l a t i o n .  
The amount of water  added i n  t h i s  c a s e  was 0.8 t imes t h e  
t h e o r e t i c a l  water  r e q u i r e d  f o r  the  complete h y d r o l y s i s  
of t e t r a e t h y l  o r t h o s i l i c a t e ,  whereas i n  Procedure I c  t h i s  
value  was 0.3. 
Procedure I e  . 
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Bor ic  Acid 
Sodium Methylate 
This  procedure was a l s o  based on Procedure I d ,  but  i n  t h i s  
case ,  t h e  f i n a l  s o l u t i o n  was d i l u t e d  w i t h  a  mixture  of wa te r  
and e t h a n o l  be fo re  g e l a t i o n .  The amount of water  was t h e  
same as i t  was wi th  Procedure I d .  The procedure was a s  
fo l lows : 
. - .  , F * -  
, .  . . , . . ,- I.. *. .. .. - - . . -  
T e t r a e t h y l  o r t h o s i l i c a t e  was mixed w i t h  an  equa l  
volume of e t h a n o l  a t  approximately 40 C.  The b o r i c  
a c i d  d i s s o l v e d  i n  methanol was added. The r e s u l t i n g  
mixture was s t i r r e d  f o r  1 hour a t  approximately 40 C .  
Then NaOCH d i s s o l v e d  in methanol was added. The 3 
mixture  was s t i r r e d  f o r  3 hours .  The s o l u t i o n  was 
then mixed wi th  a mixture of wa te r  and anhydrous 
e t h a n o l .  The d i l u t i o n  was such t h a t  t h e  c o n c e n t r a t i o n  
of metal  ox ides  i n  t h e  s o l u t i o n  became approximately 
58 g m s / l i t .  The amount of water  was 0.8 t imes  t h e  
t h e o r e t i c a l  water requ i red  f o r  t h e  complete h y d r o l y s i s  
of t h e  t e t r a e t h y l  o r t h o s i l i c a t e .  The f i n a l  s o l u t i o n  
was allowed t o  form g e l .  The v i s c o s i t y  of t h e  s o l u t i o n  
inc reased  r a p i d l y  and a r i g i d  g e l  was formed. 
(6) Procedure I f .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Boric Acid 
Sodius  Methylate 
Th is  procedure was s i m i l a r  t o  Procedure I e .  I n  t h i s  case ,  
t h e  d i l u t i o n  of t h e  f i n a l  s o l u t i o n  was done w i t h  anhydrous 
e t h a n o l  a l o n e ,  no wate r  was added. The d i l u t i o n  was such 
t h a t  t h e  c o n c e n t r a t i o n  of oxide  was about 40 gms/lit. The 
s o l u t i o n  was l e f t  a t  room temperature f o r  g e l a t i o n .  A 
t r a n s p a r e n t ,  rubbery g e l  formed a f t e r  2 hours .  
Procedures Based on Second Approach 
(1) Procedure I I a .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Boric Acid 
Sodium Methylate 
The t e t r a e t h y l  o r t h o s i l i c a t e  was mixed w i t h  an  equa l  
volume o f  anhydrous e t h a n o l .  The s o l u t i o n  was heated 
up t o  approximately 40 C. Then a r e q u i s i t e  amount 
o f  water  a c i d i f i e d  w i t h  1 N  HC1  was added t o  t h e  s o l u t i o n .  
The amount o f  water was 0.14 times t h e  t h e o r e t i c a l  
wa te r  r e q u i r e d  f o r  t h e  complete h y d r o l y s i s  o f  t e t r a e t h y l  
o r t h o s i l i c a t e ,  and t h e  c o n c e n t r a t i o n  of H C 1  i n  t h e  
r e s u l t i n g  s o l u t i o n  ( i . e . ,  t h e  mixture  o f  e t h y l  ortho- 
s i l i c a t e  and e t h a n o l )  was about  .04 gmsl l i t .  The s o l u t i o n  
was s t i r r e d  f o r  5 minutes a t  approximately 40 C and was 
cooled t o  room temperature.  Then b o r i c  a c i d  d i s s o l v e d  
i n  b o i l i n g  methanol (33 gms/100 ml) was added. The 
r e s u l t i n g  mixture  w a s  s t i r r e d  f o r  1 hour.  A f t e r  1 hour,  
t h e  s o l u t i o n  was a c i d i f i e d  w i t h  a c e t i c  a c i d  (anhydride) .  
The a d d i t i o n  o f  a c i d  was 5 m l  p e r  100 m l  of  t h e  r e s u l t i n g  
s o l u t i o n .  Then sodium methyla te  i n  methanol (10 gms/100 m l  
o f  methanol) was added t o  t h e  a c i d i f i e d  s o l u t i o n  wi th  
c a n s t a n t  a g i t a t i o n .  The s o l u t i o n  remained c l e a r  and s t a b l e  
f o r  about  2 minutes.  Then a  t r a n s p a r e n t  r i g i d  g e l  formed. 
Procedure I I b .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Trimethyl Borate 
Sodium Methylate 
T e t r a e t h y l  o r t h o s i l i c a t e  w a s  mixed wi th  an  equa l  volume 
of  anhydrous e thano l .  The temperature  of t h e  s o l u t i o n  
was r a i s e d  t o  40 C .  Then a r e q u i s i t e  amount of wa te r  
a c i d i f i e d  wi th  1 N  H C 1  was added t o  t h e  s o l u t i o n .  The 
amount o f  wa te r  was 0.26 t imes t h e  t h e o r e t i c a l  water  re-  
qu i red  f o r  t h e  complete h y d r o l y s i s  of t e t r a e t h y l  o r tho-  
s i l i c a t e .  A f t e r  45 minutes of s t i r r i n g ,  t r i m e t h y l  b o r a t e  
was added t o  t h e  s o l u t i o n .  Af te r  10 minutes ,  sodium 
methyla te  i n  methanol (10 gms/100 ml) was added t o  t h e  
s o l u t i o n  and t h e  s o l u t i o n  was s t i r r e d  f o r  45 minutes.  
F i n a l l y ,  20 m l  of a  mixture  of water  and e thano l  (pro- 
p o r t i o n  1 : 4 ,  by volume) was added t o  t h e  s o l u t i o n .  The 
amount of wa te r  added a t  t h i s  s t a g e  was about  0.8 times 
t h e  t h e o r e t i c a l  water  r equ i red  f o r  t h e  complete h y d r o l y s i s  
of t h e  t e t r a e t h y l  o r t h o s i l i c a t e s .  The v i s c o s i t y  o f  
t h e  s o l u t i o n  inc reased  r a p i d l y  end a  r i g i d  t r a n s l u c e n t  
g e l  formed w i t h i n  4 minutes a f t e r  t h e  a d d i t i o n  of t h e  
water a l c o h o l  mixture .  
( 3 )  Procedure I I c .  
S t a r t i n g  Compounds: T e t r a e t h y l  O r t h o s i l i c a t e  
Trimethyl Borate 
Sodium Ace ta te  
T e t r a e t h y l  o r t h o s i l i c a r e  was mixed w i t h  an  e q u a l  volume of 
anhydrous e t h a n o l  a t  40 C.  Then, a smal l  amount o f  water  
a c i d i f i e d  wi th  1 N  1 C 1  w a s  added t o  t h e  s o l u t i o n .  The 
amount o f  water was 0.15 t imes t h e  t h e o r e t i c a l  wa te r  
r equ i red  f o r  t h e  complete h y d r o l y s i s  o f  t h e  t e t r a e t h y l  
o r t h o s i l i c a t e .  The s o l u t i o n  was a g i t a t e d  f o r  1 / 4  hour .  
The s o l u t i o n  was then cooled t o  room temperature  and a  
r e q u i s i t e  amount of a  t r i m e t h y l  b o r a t e  was added. The 
s o l u t i o n  was then a g i t a t e d  f o r  2-112 hours  a t  room tempera- 
t u r e .  The pH was 6 .  Than an  aqueous s o l u t i o n  of sodium 
a c e t a t e  was added t o  t h e  mixture .  The concen t ra t ion  of 
sodium a c e t a t e  s o l u t i o n  was about 1000 gms p e r  l i t e r .  
The s o l u t i o n  was a c i d i f i e d  w i t h  a c i d i c  a c i d  s o  t h a t  t h e  pH 
of t h e  a c e t a t e  s o l u t i o n  w a s  about  6. A f t e r  t h e  a d d i t i o n  
of sodium a c e t a t e ,  t h e  s o l u t i o n  became s l i g h t l y  cloudy 
and formed a t r a n s l u c e n t  g e l  w i t h i n  1 / 2  hour. 
Thermal Treatment of Gels 
The main o b j e c t i v e  of t h e  thermal t reatment  is  t o  remove the  
v o l a t i l e  o rgan ic  o r  inorgan ic  compounds o r  groups (such a s  a l c o h o l s ,  
n i t r a t e s ,  hydroxyl groups, and alkoxy groups) by v o l a t i l i z a t i o n  and de- 
composition, and thus t o  transform the ge l  t o  homogeneous nonc rys t a l l i ne  
oxides.  Af te r  t he  prepara t ion ,  t he  ge l  may be v i sua l i zed  a s  a system o f  
s o l i d  cha rac t e r  i n  which the  macromolecules a r e  d i spersed  i n  a so lvent  
and somehow c o n s t i t u t e  a coherent s t r u c t u r e .  Thus, i t  conta ins  t he  
so lvent ,  t h e  a lcohols  produced by the  r eac t ion ,  chemically bonded un- 
reacted r e s idua l  alkoxy groups and, r e s idua l  unreacted water .  Hence, t he  
following phenomena might occur during the  thermal t reatment:  
Removal of so lven t s  and the  r e l e a s e  of f r e e  a lcohols  
a t  lower temperatures 
Hydrolysis of the  chemically bonded alkoxy groups 
wi th  the  atmospheric moisture o r  with the  excess  
water incorporated during the  preparat ion of ge l  
Oxidation and removal of organic  molecules a s  C02 
and H20 a t  the  l a t e r  s t age  (~300 C) of thermal 
treatment.  The presence of oxygen is  b e n e f i c i a l  
a t  t h i s  s t age .  
Formation of micropores with highly r eac t ive  su r f aces  
a f t e r  the  removal of so lven t s  and r e s idua l  organic  
groups. 
Collapsing of pores t o  form a dense s t r u c t u r e  o r  
t o  form closed pores.  
The main concern f o r  t he  thermal treatment i n  the  presen t  work is to  de- 
velop a procedure which would secure t he  maintenance of p u r i t y  of the  ge l .  
Hence, a long time consuming thermal treatment procedure is not  de s i r ab l e .  
Thus, a t tempts  were made t o  use a microwave oven a t  one s t e p  of the thermal 
treatment procedure so t h a t  the  time required f o r  t he  thermal treatment 
becomes s h o r t .  Two thermal treatment procedures were used f o r  the removal 
of r e s idua l  organic mat te rs  from the ge l s .  
Thermal Treatment Procedure 1 
This  procedure was developed i n i t i a l l y  t o  i n v e s t i g a t e  t h e  
removal p rocess  o f  o rgan ic  m a t t e r s .  The procedure c o n s i s t e d  o f  t h e  
fol lowing s t e p s .  
(1) I n i t i a l  d ry ing  by an  i n f r a r e d  h e a t e r  (IR dry ing)  
f o r  2 days.  The temperature  was i n  t h e  range 
of 60 t o  80 C 
(2) Microwave oven d ry ing  a f t e r  I R  drying.  The per iod  
o f  microwave t rea tment  was i n  t h e  range o f  9 t o  12 
minutes 
(3) A f t e r  t h e  microwave oven t rea tment ,  samples were 
heated t o  500 C i n  a i r .  The r a t e  of h e a t i n g  was 
about  150 Clhour and was he ld  a t  500 C f o r  2 hours .  
Thermal Treatment Procedure 2 
Th is  procedure c o n s i s t s  of h e a t i n g  i n  s t e p s  and a slow r a t e  
of hea t ing .  The procedure c o n s i s t s  of t h e  fol lowing s t e p s  a f t e r  t h e  i n i t i a l  
drying of g e l s  i n  a i r  by t h e  i n f r a r e d  h e a t e r :  
(1) Drying i n  an a i r  oven a t  -80 C f o r  24 hours  
(2) Heating a t  t h e  r a t e  of approximately 1 0  Clhour 
up t o  150 C 
(3) Holding a t  150 C f o r  1 6  hours  
(4)  Heating from 150 C t o  350 C a t  the  r a t e  of 
10 Clhour 
(5)  Holding a t  350 C f o r  8 hours 
(6) Heating from 350 t o  500 C a t  t h e  r a t e  of 
1 0  C/hour 
( 7 )  Holding a t  500 C f o r  12 hours ,  
The temperatures  f o r  ho ld ing  were s e l e c t e d  on t h e  b a s i s  o f  
the  DTA r e s u l t s  showing an  endothermic peak a r w n d  150 C and an exo- 
thermic peak around 300 C. Most l i k a l y ,  t h e  endothermic peak i n d i c a t e s  
t h e  removal of absorbed wate r  and a l c o h o l  and t h e  exothermic peak 
i n d i c a t e s  t h e  burning of o rgan ic  groups.  
E f f e c t  of Humidity D u r i n ~  Thermal Treatment 
It was a n t i c i p a t e d  ' t h a t  t h e  humidity d u r i n g  t h e  thermal t r e a t -  
ment would have a  b e n e f i c i a l  e f f e c t  on t h e  removal of r e s t d u a l ' o r g a n i c  
groups. Hence, some pre l iminary  i n v e s t i g a t i o n s  were done t o  s e e  t h e  
e f f e c t  of humidity t reatment  on t h e  g e l s .  Gel samples were t r e a t e d  a t  
66 C i n  a  humidity chamber having a r e l a t i v e  humidity of -76 p e r c e n t .  
The humidity t r ea tment  of g e l s  were done a t  d i f f e r e n t  s t a g e s .  
E f f e c t  of Aging o r  S to rage  of Gels 
During t h e  i n v e s t i g a t i o n  on t h e  removal of r e s i d u a l  o r g a n i c  
mat te r  from t h e  g e l s ,  i t  was observed t h a t  t h e  aging o r  s t o r a g e  of g e l s  
a t  room temperature  a f t e r  c e r t a i n  s t a g e s  of i n i t i a l  thermal t r ea tment  
had an  e f f e c t  on t h e  removal o f  t h e  r e s i d u a l  o rgan ic  mat te r s  o r  groups.  
A f t e r  thermal t r ea tment  of t h e  g e l s  prepared by d i f f e r e n t  
methods, a  v i s u a l  comparison of t h e  g e l  c o l o r  was made. Resu l t s  of t h e  
thermal t r ea tments  a r e  shown i n  Table 2 ,  and show t h e  a f f e c t s  of 
humidity,  h e a t i n g  r a t e s ,  and p r e p a r a t i o n  procedures .  
C h a r a c t e r i z a t i o n  of Gels 
The fol lowing a s p e c t s  of t h e  physico-chemical n s t u r e  of t h e  
g e l s  were examined. 
C r y s t a l l i n i t y  by t h e  X-ray d i f f r a c t i o n  powder p a t t e r n  
Molecular s t r u c t u r e  by t h e  i n f r a r e d  spectroscopy.  
TABLE 2. THERMAL TREATMENT OF GELS : 
Prepara t ion  
Procedure Thermal Treatment Ckl Color Co~lnen t s 
Procedure 1 
Humidity t reatment  of as- 
prepared g e l  f i r e d  t o  
500 C i n  a i r ,  he ld  f o r  
2 hours  
As-prepared, IR dry ,  
Microwave dry ,  humidity 
t reat .ed,  f i r e d  t o  500 C 
i n  a i r ,  held f o r  2 hours  
Black t o  grey,  be- Addi t iona l  water  du r ing  
came white  when thermal t rea tment  h e l p s  
moistened wi th  i n  t h e  removal o f  o rgan ic  
w a t e r  du r ing  ther-  groups 
ma1 t rea tment  
Black t o  grey 
Humidity t rea tment  has  a 
b e n e f i c i a l  e f f e c t  
Once t h e  i n i t i a l  thermal 
t rea tment  is done, 
humidity t rea tment  has  
l i t t l e  e f f e c t  
Procedure 1 
Humidity t reatment  of as-  
prepared g e l ,  f i r e d  t o  
500 C i n  a i r ,  held f o r  
2 hours 
(:el s t o r e d  f o r  2 t o  3 
weeks a f t e r  humidity 
t rea tment ,  f i r e d  t o  





Addition of  more water  
dur ing  g e l a t i o n  has  a 
b e n e f i c i a l  e f f e c t  on t h e  
removal of r e s i d u a l  
o rganic  groups 
Humidity t rea tment  is 
b e n e f i c i a l  
It  appears  t h a t  ag ing  a t  
room temperature has  an 
e f f e c t  on t he  removal of  
o rganic  groups 
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X-ray d i f f r a c t i o n  powder p a t t e r n 8  of as-prepared and t h e  ge l8  
a f t e r  d i f f e r e n t  r t a g e s  of thermal t reatment  w c ~ s  t aken ,  The r e s u l t s  are 
shown i n  Table 3, and d e s c r i b e  t h e  e f f e c t 8  o f  p r e p a r a t i o n  procedures  
and thermal t reatment  on crystallinity. 
Molecular S t r u c t u r e  
I n f r a r e d  spectroscopy was used t o  ge t  some i d e a s  about t h e  
molecular s t r u c t u r e s  o f  t h e  "as prepared" g e l s  and of the  g e l s  ob ta ined  
a f t e r  va r ious  thermal t r ea tments .  The i n f r a r e d  s p e c t r a  o f  g e l  powders 
were taken us ing  t h e  KBr b r i q u e t t e  technique.  The complete spectrum from 
400 t o  3600 cm-' was taken.  
The c h a r a c t e r i s t i c  f e a t u r e s  of t h e  s p e c t r a  ob ta ined  wi th  t h e  
g e l s  prepared by t h e  d i f f e r e n t  procedures  were compared. The e f f e c t  o f  
thermal t reatment  on t h e  p o s i t i o n s  of t h e  a b s o r p t i o n  bands was i n v e s t i -  
gated.  The change i n  i n t e n s i t i e s  o f  t h e  a b s o r p t i o n  peaks were observed 
q u a l i t a t i v e l y .  
The absorp t ion  band a t  around 1000 cm-I r e s u l t s  from v i b r a t i o n s  
invo lv ing  t h e  l a r g e s t  f o r c e  cons tan t  due t o  Si-0 bond s t r e t c h i n g .  The 
p o s i t i o n  and f e a t u r e s  of t h j  absorp t ion  peak ob ta ined  wi th  g e l s  prepared 
by t h e  d i f f e r e n t  powders were compared. The p r o v i s i o n a l  assignments of 
d i f f e r e n t  absorp t ion  bands i n  t h e  reg ion  3600 t o  400 cm-I a r e  given i n  
Table 4 .  The i n f r a r e d  s p e c t r a  of d i f f e r e n t  g e l s  which were no t  s u b j e c t e d  
t o  any thermal t reatment  a r e  shown i n  F igures  5 t o  8. The r e s u l t s  of 
t h e  comparison of t h e  p o s i t i o n  and f e a t u r e s  of the  absorp t ion  band due t o  
Si-0-Si s t r e t c h i n g  obta ined wi th  d i f f e r e n t  g e l s  a r e  summarized i n  Table  5. 
I t  is e v i d e n t  from t h e  f i g u r e s  and a l s o  from Table 4 t h a t  t h e  p o s i t i o n s  
and c h a r a c t e r i s t i c  f e a t u r e s  of the  a b s o r p t i o n  bands ob ta ined  wi th  d i f f e r e n t  
g e l s  a r e  n o t  t h e  same. It should a l s o  be noted t h a t  t h e  i n t e n s i t y  o f  a 
weaker band a t  800 cm-' i s  a l s o  no t  t h e  same i n  a l l  cases .  The e f f e c t s  of 
t h e  fol lowing thermal t r ea tments  were examined q u a l i t a t i v e l y .  
.I 2 
TABLE 3. CRYSTtULINITY OF GELS 
P r e p a r a t i o n  
Procedure Thermal T r a a t w n t  cry stall in it^ 
A8 prepared 
A f t e r  i n f r a r e d  d ry ing  
A f t e r  IR d r y i n g  and 
Microwave d ry ing  
A f t e r  IR dry ing ,  
Microwave d ry ing  
and 2 hours  a t  
350 C 
An prepared,  and 
d ry ing  
A f t e r  Microwave 
d ry ing  
A f t e r  IR dry ing ,  
Microwave d ry ing  
and 350 C f o r  2 
hours 
A f t e r  thermal t r e a t -  
ment a t  500 C f o r  1 2  
hours  ( thermal  
t reatment  Procedure 2 )  
C r y r t a l l i n i t y  due t o  
NaN03 
C r y s t a l l i n i t y  due t o  
NaN03 but  much less 
than a s  prepared g e l  









( v )  c m  Provisional Agreement 
Combined as wel l  a s  absorbed 
water 
OH- groups i n  alcohols  
CH stretching frequencies 
CH3, CH2 , CH 
Free H 2 0  
CH deformation frequencies 
Stretching 
Si-0-Si, Si-0-C 
TABLE 5. CWCTERISTICS OF THE I R  ABSORPTION 
BANTS (DUE TO Si-0 STRETCHING) OF 
DIFFERENT GELS 
G e l  




Absorpt ion Band-l 
(Wave Number (cm ) 
I I b  
I I c  
A s  prepared 1080 
(Broad hal f -width  w i t h  a 
wzak shou lder  a t  
1200 cm-1) 
1000 
(Sharp peak, w i t h  
narrow hal f -width)  
1020-1030 
(Sharp peak, t h e  f e a t u r e s  
a r e  similar t o  those  of  
g e l  I c  and I d )  
1080- 1030 
(broad peak, and broad 




(Sharp pezk, with a very  
weak shou lder  a t  1200 cm-l) 
I n f r a r e d  h e a t e r  d r y i n g  
Microwave oven d ry ing  
Humidity t reatment  
Heat t rea tment  up t o  500 C. 
The r e s u l t s  showed t h a t  t h e  p o s i t i o n s  of t h e  a b s o r p t i o n  bands of "as prepared" 
g e l s  d i d  n o t  s h i f t  a f t e r  any one o f  t h e  above thermal t reatment  s t e p s .  The 
major change was i n  t h e  i n t e n s i t y  o f  t h e  band due t o  CH o r  CH groups and 3 2 
hydroxyl groups.  The i n f r a r e d  s p e c t r a  of t h e  g e l s  a f t e r  thermal t r e a t a e n t  
up t o  500 C a r e  i l l u s t r a t e d  i n  F igures  9 and 10.  Because t h e  spectrum was 
taken us ing  t h e  KBr b r i q u e t t e  technique,  t h e  proper  moni tor ing o f  t h e  bands 
due t o  hydroxyl groups was no t  p o s s i b l e .  It was o t ~ d r v e d  q u a l i t a t i v e l y  
t h a t  t h e  i n t e n s i t y  of t h e  band due t o  CH o r  CH3 groups reduced s l i g h t l y  3 - 
a f t e r  microwave t rea tments .  The thermal t reatment  up t o  500 C wi th  a very  
slow r a t e  of h e a t i n g  and s t e p  h e a t i n g  made cons iderab le  reduc t ion  of o rgan ic  
groups. However, i n t e r e s t i n g  r e s u l t s  were ob ta ined  wi th  t h e  g e l s  a f t e r  
humidity t r ea tment .  It appeared t h a t  humidity t reatment  had a marked e f f e c t  
on t h e  removal of o rgan ic  groups.  A f t e r  humidity t reatment  t h i s  peak remained 
i n  t h e  same p o s i t i o n ,  but  t h e  half-width became broader .  It appears  t h a t  
polymerizat ion a s  w e l l  a s  t h e  r e l e a s e  of o rgan ic  groups a s  vapor occur  
dur ing  t h e  humidity t r ea tment .  The i n t e n s i t i e s  of t h e  absorp t ion  bands 
i n  t h e  reg ion  2800 t o  3600 cm-I decreased wi th  i n c r e a s e  of thermal t r ea tment .  
- 1 But, the  presence o f  a weak absorp t ion  band a t  -1400 cm due t o  -CH- 
deformation was observed even wi th  t h e  whi te  c o l o r  g e l s  ob ta ined  a f t e r  t h e  
thermal t reatment  a t  500 C .  
Melting of Gels 
The g e l s ,  a f t e r  i n i t i a l  thermal t r ea tment ,  were melted a t  d i f -  
f e r e n t  temperatures  f o r  d i f f e r e n t  pe r iods .  The o b j e c t  was t o  i n v e s t i g a t e  
the  n a t u r e  of g l a s s  i n  terms of  carbon r e t e n t i o n .  The c o l o r  and t rans -  
parency of t h e  g l a s s  u e r e  observed a f t e r  each mel t ing .  The mel t ing was 
done i n  an  a i r  atmosphere i n  an alumina c r u c i b l e  o r  i n  a p la t inum b o a t .  
The r e s u l t s  obta ined wi th  g e l s  prepared by Procedurs Id  a r e  shown i n  Table 6 .  
FIGURE 9 .  INFRARED SPECTRA GELS PREPARED PROCEDURE 
I d  AFTER THERMAL TREATMENT UP TO 500 C 
FIGURE 1 0 .  INFRARED SPECTRA OF GELS PREPARED BY 
PROCEDURE I I b  AFTER THEDIAL TREATYENT 
UP TO 500 C 
TABLE 6. EFFECT OF TIME AND TEMPERATURE ON THE MELTING OF GELS 




Experiment Thermal Melting Time 
Temperature (hour) Results Number Treatment 
After Infrared 
heater drying 
Grey color but transparent, 
numerous bubbles 
2 Much less grey, transparent, 
numerous bubbles 
3 Colorless and transparent, 
less bubbles 
4 Colorless and transparent, 
much less bubbles 
5 Highly transparent, 
bubbles undetected 
1 Grey, but much less than 
that of Experiment 1 
2 Quite transparent and color- 
less, no detectable bubbles 
3 Highly transparent, colorless, 
no bubbles 
1 Highly transparent, colorless, 
and no bubbles 
DISCUSSION 
P r e p a r a t i o n  of Gels 
The format ion of s i l i c a  g e l s  from a l k o x y s i l a n e  i s  p r i m a r i l y  
based on t h e  h y d r o l y t i c  polycondensat ion of  a l k o x y s i l a n e .  The o v e r a l l  
r e a c t i o n  can be r e p r e s e n t e d  a s  fo l lows :  
The mechanism of h y d r o l y s i s  and polycondensat ion of t e t r a e t h y l  
o r t h o s i l i c a t e  h a s  been s t u d i e d  by Ael ion,  e t  a1 (16). The h y d r o l y s i s  i s  
s t r o n g l y  c a t a l y z e d  bo th  by a c i d s  and by b a s e s .  It i s  r e p o r t e d  ( I6 )  t h a t  
t h e  k i n e t i c s  of a c i d  h y d r o l y s i s  i s  a second o r d e r  r e a c t i o n  w i t h  r e s p e c t  
t o  water  and e t h y l  s i l i c a t e .  It is  supposed t h a t  hydronium i o n  a t t a c k s  
t h e  p o l a r  5 SiO C H band and forms 5 Si-OH groups .  2 5 
5 SiO C H + H20 + HC1 -> 5 S i  OH 2 5 
+ C2H5 OH + H C 1 .  
Subsequently,  5 S i  OH groups undergo polycondensat ion r e a c t i o n  t o  form 
s i l o x a n e  ( 5  Si-0-Si E) bonds, and po lymer iza t ion  proceeds .  
I n  s t r o n g l y  a c i d  s o l u t i o n s ,  where t h e  h y d r o l y s i s  r e a c t i o n  is  
r a p i d ,  t h e  polymer remains i n  t h e  s o l u t i o n  and t h e  r a t e  o f  g e l a t i o n  i s  
low. The polymeric s p e c i e s  c o n t a i n  l e s s  number of unreacted ethoxy 
groups ,  b u t  hydroxyl groups remain w i t h  polymeric s p e c i e s .  
The mechanism of a l k a l i n e  h y d r o l y s i s  i n v o l v e s  c o o r d i n a t i o n  
of  OH- t o  s i l i c o n  followed by r e j e c t i o n  of an  a lkox ide  ion :  
Subsequently % S i  OH groups condense t o  form s i l o x a n e  bonds. 
The expanded coord ina t ion  s h e l l  f o r  s i l i c o n  i s  p o s t u l a t e d  and 
pentacoordinated i n t e r m e d i a t e s  of t h i s  s h o r t  have been e s t a b l i s h e d  w i t h  
c o n s i d e r a b l e  c e r t a i n t y  i n  many r e a c t i o n s  invo lv ing  o r g a n o s i l i c o n  r e a c t i o n s .  
I n  t h e  b a s i c  s o l u t i o n ,  t h e  h y d r o l y s i s  i s  f i r s t  o r d e r  wi th  re-  
s p e c t  t o  e t h y l  s i l i c a t e .  The condensat ion o f  5 S i  OH groups takes  p l a c e  
more r a p i d l y  ir .  a l k a l i n e  s o l u t i o n s  than i n  a c i d  s o l u t i o n s .  
It should b e ' n o t e d  t h a t  t h e  r a t e  of h y d r o l y s i s  depends s i g n i f i -  
c a n t l y  on t h e  s i z e  of t h e  a l k y l  groups i n  t h e  e s t e r .  Methyl and e t h y l  
e s t e r s  a r e  most s u s c e p t a b l e  t o  h y d r o l y s i s .  The r a t e  of h y d r o l y s i s  f a l l s  
w i t h  t h e  i n c r e a s i n g  number of carbon atoms and wi th  t h e  i n c r e a s i n g  
branching of t h e  hydrocarbon groups.  The bu lk iness  of t h e  s t r u c t u r e  of 
t h e  alkoxy groups and consequent ly ,  a  s t e r i c  sc reen ing  of the  Si-OC 
bond i n c r e a s e s  t h e  r e s i s t a n c e  t o  h y d r o l y s i s .  
However, i n  t h e  absence of wa te r ,  some nonhydro ly t i c  p rocesses  
f o r  t h e  formation of Si-0-Si bonds form a lkoxys i l anes  could t ake  p l a c e .  
The r e l e v a n t  r e a c t i o n s  r e l e v a n t  t o  t h e  p r e s e n t  work a r e  a s  fol lows:  
r Si-OR + RO - S i  E -> Si-0-Si z 
+ ROR 
+ ROH 
2 SI-OR + ?R1 COOH - > Si-0-Si E 
+ 2 R'COOR + H,O 
- 
The p i c tu re  of the  g e l l i n g  process given above is a simple 
ge l l i ng  process of the alkoxysi lane i t s e l f .  The process becomes more 
complicated i n  a multicomponent system containing both network forming 
coner i tuents  l i k e  B203 and a network modifier l i k e  Na,O. However, i t  is 
.- 
an t i c ipa t ed  t h a t  the bas ic  r eac t ion  processes w i l l  be s i m i l a r ,  but  the 
k i n e t i c s  of t he  process w i l l  change because of  the c a t a l y t i c  ac t ion  and 
the change of pH due t o  the presence of o ther  r eac t an t s .  
The formation of borosiloxane bonds 2 Si-0-B = i n  the present  
systems can take place a s  follows: 
The reac t ion  of bor ic  acid with alkoxysi lanes:  
- > B-0-Si Z + ROH 
8 The r eac t ion  of bor ic  acid with s i l a n o l s :  
BOH + HO-Si r - > = B-0-Si 5 
+ H20 
The r eac t ion  of bor ic  e s t e r s  with s i l a n o l s :  
B-OR + HO-Si Z -> E Si-0-B = 
The reac t ion  of bor ic  e s t e r s  with alkoxy s i l a n e :  
= B-OR + RO-SI E - > rn B-0-Si E 
+ The incorporat ion of Na ion i n t o  the ge l  s t r u c t u r e s  could take 
place as  follows: 
E s i - O R  + NaOH -> r Si-ONa + ROH 
(from the  hydrolysis  of sodium 
methylate sodium a c e t a t e )  
+ ion + 
E Si-OH + Na -> r Si-0 Ma 
exc hanue 
(from aqueous so lu t ion  of 
NaK03 o r  NaAc ) 
4 7 
Hence, i t  may be s t a t e d  t h a t  t h e  important  parameters  t h a t  con- 
t r o l  t h e  g e l l i n g  p rocess  a r e  a s  fo l lows:  
Chemical n a t u r e  of  t h e  s t a r t i n g  compounds 
Concen t ra t ion  of wa te r  
Presence of a c a t a l y s t  
a pH of t h e  medium 
Concentra t ion of t h e  r e a c t a n t s  and 
t h e  s o l v e n t s  used. 
S e v e r a l  procedures  based on two d i f f e r e n t  approaches have been 
developed f o r  t h e  p r e p a r a t i o n  of  g e l s .  The f i r s t  approach l e a d s  t o  t h e  
p r e p a r a t i o n  of a s t a b l e ,  c l e a r  s o l u t i o n  which i s  h i g h l y  homogeneous and 
may be  p a r t i a l l y  polymerized.  Subsequently,  t h e  s o l u t i o n  is  polymerized 
o r  g e l l e d  i n  t h e  presence of  added wa te r  o r  a tmospher ic  mois ture .  Because 
t h e  s o l u t i o n  c o n t a i n s  i n s u f f i c i e n t  wa te r ,  t h e r e  a r e  some d i f f i c u l t i e s  wi th  
t h i s  approach i n  ach iev ing  e f f e c t i v e  h y d r o l y s i s  and subsequent  removal 
o f  a lkoxy groups dur ing  thermal  t r e a t m e n t .  However, i t  should  be noted 
t h a t  t h i s  problem can be  avoided by t a k i n g  a p p r o p r i a t e  measures, such 
as t h e  a d d i t i o n  o f  r e a c t i v e  water  molecules,  and t h e  d i l u t i o n  of t h e  
s o l u t i o n  w i t h  anhydrous e t h a n o l .  The use of an  aqueous s o l u t i o n  of  
sodium n i t r a t e  a s  a source  of  Na 0 causes  t h e  s e g r e g a t i o n  o f  sodium 2 
n i t r a t e  i n  the  aqueous phase.  I f  the  amount of  water  is s u f f i c i e n t l y  
h igh ,  sodium n i t r a t e  remains i n  a n  aqueous s o l u t i o n  and a c l e a r  s o l u t i o n  
as w e l l  a s  a c l e a r  g e l  is ob ta ined .  Subsequent ly ,  some of t h e  sodium 
i o n s  a r e  incorpora ted  i n t o  t h e  g e l  s t r u c t u r e s ,  bu t  a p o r t i o n  o f  t h e  
sodium n i t r a t e  remains a s  sodium n i t r a t e ,  and t h e  removal o f  wa te r  
dur ing  t h e  i n i t i a l  t h e m 1  t rea tment  causes  t h e  p r e c i p i t a t i o n  of sodium 
n i t r a t e .  Th i s  i s  e v i d e n t  from t h e  r e s u l t s  of  the  X-ray d i f f r a c t i o n  
s t u d i e s .  
When an aqueous s o l u t i o n  of Na CO is used a s  the  source  of Na23, 2 3 
t h e  format ion of c o l l o i d a l  s i l i c a l s i l i c a t e s  t akes  p lace .  T h i s  is due t o  
t h e  polycondensat ion o f  E SiOH groups which is very  r a p i d  i n  a l k a l i n e  medium. 
S e v e r a l  approaches f o r  the  p r e p a r a t i o n  of g e l s ,  based on t h e  
second approach invo lv ing  i n i t i a l  p a r t i a l  h y d r o l y s i s  of t e t r a e t h y l  o r tho-  
s i l i c a t e ,  have been developed.  The r e s u l t s  sugges t  t h a t  t h e  main concern 
i n  t h i s  approach i s  t o  main ta in  t h e  s t a b i l i t y  o f  t h e  s o l u t i o n  on a d d i t i o n  
of sodium methy la te ,  which is h igh ly  r e a c t i v e  t o  water  and causes  a s h a r p  
r i s e  of  pH i n  t h e  s o l u t i o n  and t h u s  enhances t h e  g e l a t i o n .  The use of an 
aqueous s o l u t i o n  o f  s o d i m  a c e t a t e  i n r t e a d  o f  sodium methy la te  reduces  t h i s  
problem t o  a c o n s i d a r a b l e  e x t e n t .  The r e s u l t s  i n d i c a t e  t h a t  a s t a b l e ,  c l e a r  
s o l u t i o n  can be prepared by t h e  proper  c o n t r o l  of  pH and water  c o n c e n t r a t i o n .  
I t  is a n t i c i p a t e d  t h a t  t h e  i n i t i a l  h y d r o l y s i s  of  t e t r a e t h y l  o r t h o s i l i c a t e  
and t h e  presence o f  e x c e s s  wa te r  i n  t h e  s o l u t i o n  a r e  b e n e f i c i a l  f o r  t h e  
removal o f  t h e  alkoxy groups.  
T h r m l  Treatment of Gels 
The "as prepared" g e l s  may be conr ide red  a s  a system o f  s o l i d  
c h a r a c t e r  i n  which macromolecules a r e  d i s p e r s e d  i n  a s o l v e n t  and somehow 
c o n s t i t u t e  a coheren t  s t r u c t u r e ,  Thus, i t  c o n t a i n s  t h e  s t r u c t u r a l  s k e l e t o n  
of t h e  s i l i c a t e  network; unreacted r lkoxy  groups chemical ly  bonded t o  
the  s i l i c a t e  network; f r e e  s o l v e n t s ,  l i k e  a l c o h o l s  and wa te r ;  and a l c o h o l s  
and wa te r  adsorbed t o  t h e  s i l i c a t e  s t r u c t u r e s .  Hence, t h e  removal of  
t h e s e  o r g a n i c  compounds and a l s o  i n o r g a n i c  r a d i c a l s ,  such a s  n i t r a t e s ,  i s  8 
complex phenomenon and is r e l a t e d  t o  t h e  s t r u c t u r e  and morphology o f  t h e  
g e l s  which i n  t u r n  is r e l a e e d  t o  t h e  g e l  p r e p a r a t i o n  procedures .  The r e s u l t r  o f  
t t h e  p r e s e n t  work suqqes t  t h a t  t h e  g e l  p r e p a r a t i o n  procedure has  an  in- 
f luence  on t h e  removal of  o r g a n i c  groups d u r i n g  t h e  thermal  t r ea tment .  ?'he 
r e s u l t s  showed t h a t  i f  t h e  r e b i d u a l  o r g a n i c  groups a r e  n o t  removed dur ing  
' . t h e  low t e n p e r a t u r e  thermal  t r e a t m e n t s  (e .g . ,  <500 C ) ,  t h e  p y r o l y s i s  of  
I 
the  o r g a n i c  group occurs  a t  h i g h  t empera tu res  and e lementa l  carbon formr. 
i 
This  was e v i d e n t  from t h e  grey t o  b l a c k  c o l o r  of  t h e  g e l .  The r e s u l t s  o f  
t h e  p r e s e n t  work i n d i c a t e  t h a t  t h e  fo l lowing f a c t o r s  i n  t h e  g e l  p r e p a r a t i o n  
p rocess  a r e  important  f o r  t h e  removal of o r g a n i c  groups d u r i n g  the  thermal 
I *  t r ea tments .  
I 
p I An a d d i t i o n a l  i n c o r p o r a t i o n  of a c t i v e  water  molecules 
I 
d u r i n g  g e l a t i o n  hao a b e n e f i c i a l  e f f e c t  on t h e  removal 
of o r g a n i c  groups 
The thermal t r ea tment  of  g e l s  i n  a humidity chamber 
(80 percen t  RH, 66 C )  j u s t  a f t e r  p r e p a r a t i o n  bas  
a marked b e n e f i c i a l  e f f e c t  on t h e  removal of  o r g a n i c  
groups. Th i s  s u g g e s t s  t h a t  t h e  h y d r o l y s i s  and inc reased  
1 - polymer iza t ion  can t ake  p l a c e  i n  t h e  s o l i d  phase.  Thr 
water  vapor r r a c t o  w i t h  t h e  unreacted e thoxy groupr dur ing  
t h e  h d d i t y  t r e a t m n t  and causes  f u r t h e r  polycondensat ion 
The c r i t i c a l  p a r t i a l  h y d r o l y s i s  of t e t r a e t h y l  o r t h o s i l i c a t e  
i n  t h e  presence o f  a n  a c i d  c a t a l y s t  is a l s o  h e l p f u l  i n  t h e  
removal o f  o r g a n i c  groups 
The aging of g e l  on s t o r a g e  a f t e r  i n i t i a l  drying by t h e  
i n f r a r e d  h e a t e r  o r  microwave oven has  m adverse  e f f e c t  
on t h e  removal o f  o rgan ic  groupr.  The e x a c t  reason f o r  
t h i s  i s  n o t  we l l  understood. It i s  a n t i c i p a t e d  t h a t  t h i s  
could be due t o  t h e  h y d r o l y t i c  polycondensation dur ing  aging 
which m y  reduce t h e  r e a c t i v i t y  o f  a tmospher ic  mois ture  
wi th  t h e  g e l  p a r t i c l e s  
The d i l u t i o n  of the  f i n a l  s o l u t i o n  wi th  anhydrous a lcoho l  
has  a marked b e n e f i c i a l  e f f e c t  on t h e  removal of o rgan ic  
groups. 
The r e s u l t s  of t h e  e f f e c t  of d i f f e r e n t  thermal t r ea tment  pro- 
cedures  i n d i  c a t e  t h a t  thermal t r ea tments  invo lv ing  h e a t i n g  i n  r t e p r  and 
a slow r a t e  of h e a t i n g  a r e  most d e r i r a b l e  f o r  t h e  removal o f  r e s i d u a l  
o rgan ic  groups. I t  is a n t i c i p a t e d  t h a t  these  s t e p r  are most l i k e l y  rc- 
l a t e d  t o  d i f f e r e n t  r e a c t i o n s  t h a t  t ake  p l a c e  a t  d i f f e r e n t  t empera tu r r s .  
The presence of m endothermic peak a t  around 150 C and an e x o t h e m i c  
peak around 300 C i n  t h e  DTA curve might be c o r r e l a t e d  w i t h  t h e  evapora- 
t i o n  o f  s o l v e n t s  and t h e  o x i d a t i o n  of o rgan ic  groups,  r e s p e c t i v e l y .  I t  
should be noted,  however, t h a t  t h e  kind of thermal t r ea tment  procedure 
requ i red  f o r  t h e  removal o f  o rgan ic  groups depends on t h e  g e l  p r e p a r a t i o n  
procedure and t h e  composit ion of the  g e l .  
S t r u c t u r a l  C h a r a c t e r i z a t i o n  
I n f r a r e d  spec t roscop ic  s t u d i o  o f  t h e  g e l s  prepared by t h e  d i f f e r e n t  
procedures  throw some l i g h t  on t h e  mcrlecular s t r u c t u r e s  of t h e  g e l s  prepared 
by t h e  d i f f e r e n t  procedures.  It i s  e v i d e n t  from Figures  5 t o  8 and Table 5 
t h a t  t h e  p o s i t i o n  and f e a t u r e s  of t h e  a b s o r p t i o n  band due t o  Si-0 bond 
s t r e t c h i n g  a r e  no t  the  same i n  a11 t h e  g e l s  prepared by t h e  d i f f e r e n t  
p r e p a r a t i o n  procedures.  
The peak p o r i t i o n r  o f  absorp t ion  bandr ob ta ined  wi th  t h e  g e l s  pre- 
pared by Procedurrs  Ic, Id ,  I e ,  I f  and IIb are i n  the  region 1000 t o  1030 em'!
The perk  p o s i t i o n r  o f  t h e  a b r o r p t i o n  bands ob ta ined  wi th  t h e  gels 
prepared by Procedures I b ,  f I a  and IIc a r e  i n  t h e  region 1080 t o  1030 cm-1. 
I t  was a l s o  observed t h a t  t h i s  p o s i t i o n  d i d  no t  s h i f t  by any thermal t r e a t -  
ment s t e p r  up t o  500 C. The humidity t r ea tment  of t h e  g e l s  d i d  no t  cause 
any s h i f t  of t h e  perk p o s i t i o n .  I t  was mentioned e a r l i e r  t h a t  t h e  humidity 
t reatment  had a n  e f f e c t  on t h e  h y d r a l y s i s  o f  unreacted ethoxy groups chemical ly  
bonded t o  sl l icon-oxygen s k e l e t o n .  Thur, i t  is assumed t h a t  these  d i f f e r e n c e s  
i n  t h e  p o s i t i o n a  and the  f e a t u r e s  of the  a b s o r p t i o n  bands might be due t o  
t h e  d i f f e r e n c e  i n  ?.he polymeric s t r u c t u r e s  of t h e  g e l s .  
I n  v i t r e o u 8  s i l i c a ,  the  a b s o r p t i o n  band due t o  Si-O-Si bond 
stretching is a t  1100 c c l .  The Si-0 s t r e t c h i n g  v i b r a t i o n  compounds 
c o n t a i n i n g  Si-0 l i n k a g e  g i v e r  r i s e  t o  t h e  a b s o r p t i a n  band i n  the  reg ion  
1010 c01-l t o  1090 c;'. But. t h e  po'ition of t h e  peak depend. on t h e  
n a t u r e  o f  t h e  polymer#. There a r e  some d i f f e r e n c e s  between c y c l i c  and 
open-chain compounds; i n  t h e  c a s e  o f  c y c l i c  compounds, t h e  p o s i t i o n  of 
absorp t ion  peak s h i f t s  wi th  inc reased  r i n g  s i z e .  It has  been repor ted (17 
t h a t  i n  t h e  t r i m e r  the  Si-0 band appears  a t  1018 cm-l whi le  s t i l l  i n  t h e  
h igher  r i n g  i t  f a l l .  i n  t h e  range o f  1076 t o  1056 c d l .  t h e  frequency 
showing a smal l  but  s t e a d y  f a l l  wi th  i n c r e a s e  of r i n g  s i z e  frcm t h r e e  t o  
eigh:. It has  a l s o  been repor ted  ( I8)  t h a t  t h e r e  was remarkably l i t t l e  
d i f f e r e n c e  i n  t h e  p o s i t i o n  of the  Si-O-Si abvorp t ioa  bandr with v a r i a t i o n s  
i n  t h e  n a t u r e  o f  s u b s t i t u r n t r  (e .g . ,  S i 2  R i O )  al though t h e r e  was a con- 
s i d e r a b l e  s h i f t  between triwrs and te t rar .wrs .  The Si-0 absorp t ion  band 
i n  t h e  open cha in  polymeric r i l o u n e s  l i e s  i n  t h e  range of  1055 t o  102L cm-I 
and aga in ,  t h e r e  is a s m l l  f a l l  i n  t h e  frequency f o r  each u n i t  i n c r e a s e  
~f t h e  chain  l e n g t h .  (17) 
Hence, nos t  l i k e l y ,  t h e  d!fference i n  t h e  peak p o s i t i o n s  a r e  due 
t o  the  s t r u c t u r a l  d i f f e r e n c e  i n  the  polymer, the  n a t u r e  of  which is  c o n t r o l l e d  
by t h e  p r e p a r a t i o n  procedures.  The p resen t  experimental r e s u l t s  are not  
s u f f i c i e n t  enough t o  i d e n t i f y  t h e  na in  paratnerer(s)  i n  the  p r e p a r a t i o n  p rocess  
which is c o n t r o l l i n g  t h e  s t r u c t u r e  o f  th r  polyncr.  However, i t  has  been 
observed t h a t  s i g n i f i c a n t  changes ( i n  thr: p r e p a r a t i o n  procedure)  a r e  t o  be 
aude t o  g e t  an a p p r e c i a b l e  change i n  t h e  s h i f t  of ::re a b s o r p t i o n  peak. I t  
should be noted t h a t  a  sys temat ic  i n v e s t i g a t i o n  invo lv ing  p r e c i s e  c o n t r o l  
of t h e  process  parameters and t h e  s t r u c t u r a l  i n v e s t i g a t i o n s  of t h e  g e l s  thus  
prepared may c l a r i f y  t h e  s t r u c t u r a l  a s p e c t s  specu la ted  above. 
Melting of Gels 
The g e l s  used f o r  t h e  mel t ing s t u d i e s  were taken from m a t e r i a l s  
t h a t  had only  been I R  h e a t e r  d r i e d ;  consequent ly ,  a  cons iderab le  amount of 
o rgan ic  compounds were incorpora ted  wi th  t h e  g e l s .  Moreover, t h e  g e l  
powders were n o t  slowly heated up t o  t h e  mel t ing temperatures .  The ob- 
j e c t t v e  was t o  i n v e s t i g a t e  the  e f f e c t  of temperature and time on t h e  
e l i a i n a c i o n  of carbon. It is ev iden t  from t h e  r e s u l t s  shown i n  Table 6 
t h a t  t h e  e l i m i n a t i o n  of carbon dur ing mel t ing of t h e  g l a s s  i n  a n  a i r  
atmosphere is  a func t ion  of  t ime and temperature.  The time requ i red  
t o  e l i m i n a t e  carbon and bubbles (with a 5 gm ba tch)  is 5 hours a t  1000 C,  
and i t  reduced t o  1 hour a t  1200 C. Hence, i t  i s  a n t i c i p a t e d  t h a t  t h e  
time and t enoera tu re  of mel t ing  w i l l  be  reduced cons iderab ly  wi th  g e l s  
having thermal t r ea tments  up t o  500 C. However, t h e  main concern a t  
t h e  mel t ing  s t a g e  is  t o  know t h e  i n f l u e n c e  o f  mel t ing h i s t o r y  on t h e  
molecular s t r u c t u r e  of t h e  g l a s s  and t h e  redvx s t a t e  o f  t h e  g l a s s .  
CONCLUSIONS 
The a l k a l i - b o r o s i l i c a t e  system has  been s e l e c t e d  a s  t h e  g l a s s  
system f o r  t h e  p r e p a r a t i o n  of u l t r a p u r e  low 1052 g l a s s e s  s u i t a b l e  fo r  
o p t i c a l  communication. The e f f e c t  of d i f f e r e n t  oxide  c o n t e n t s  (e.g., 
B203, Na20) on t h e  absorp t ion  l o s s  has  been c r i t i c a l l y  reviewed. A t  
p resen t ,  one composition has been chosen t o  develop t h e  g e l  p r e p a r a t i o n  
procedure i n  the  a l k a l i - b o r o s i l i c a t e  system. I n  a d d i t i o n ,  s e v e r a l  
approaches f o r  t h e  p repara t ion  of g e l s  based on two d i f f e r e n t  approaches 
have been developed, and t h e  in f luence  o f  d i f f e r e n t  g e l  p r e p a r a t i o n  
parameters (such as pH, water  concen t ra t ion ,  and s t a r t i n g  compounds) have 
been i n v e s t i g a t e d  q u a l i t a t i v e l y .  
S e v e r a l  conc lus ions  can be  drawn from t h e  r e s u l t s  of t h e  i n i t i a l  
a c t i v i t i e s  of t h e  p r e s e n t  r e s e a r c h  program, and they  a r e  a s  fo l lows:  
Gels produced a r e  n o n c r y ~ t a l l i n e  and remain s o  a f t e r  
thermal  t r ea tment  a t  500 C 
The r e s i d u a l  o r g a n i c  compounds i n  t h e  g e l s  can be 
removed by t h e  a p p r o p r i a t e  thermal  t r e a t m e n t s  
up t o  500 C. 
The removal of  o r g a n i c  groups dur ing  low temperature  
thermal  t r e a t m e n t s  i s  r e l a t e d  t o  g e l  p r e p a r a t i o n ,  
ambient atmosphere (e.  g . ,  humidi ty)  and the  thermal  
t r ea tment  procedure.  
The i n f r a r e d  s p e c t r a  of  t h e  g e l s  s u g g e s t s  t h a t  
t h e  main c h a r a c t e r i s t i c  s t r u c t u r a l  f e a t u r e s  of 
t h e  g e l  prepared by d i f f e r e n t  procedures  a r e  s i m i l a r ,  
b u t  t h e r e  e x i s t s  some f i n e r  s t r u c t u r a l  d i f f e r e n c e s  
as revea led  by t h e  s p e c t r a .  
The r a t e  of removal of carbon from t h e  g l a s s  dur ing  
t h e  mel t ing  of  g e l s  c o n t a i n i n g  a major p ropor t ion  of 
r e s i d u a l  o r g a n i c  compounds is a  f u n c t i o n  of  tempera-- 
t u r e .  A c o l o r l e s s  t r a n s p a r e n t  g l a s s  from a p a r t i c u l a r  
g e l  was ob ta ined  by mel t ing  a t  1000 C f o r  3 hours ,  
whereas t h e  time reduced t o  1 hour when the  mel t ing  
temperature  was 1200 C .  Hence, i t  is  a n t i c i p a t e d  
t h a t  t h e  time and temperature  of melting w i l l  be 
reduced cons ide rab ly  w i t h  g e l s  having no o r  minimum 
r e s i d u a l  o rgan ic  groups.  
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